This paper concerns the problem of the optimization of parameters in acousto-optic image processing systems. The optimization was carried out with the purpose of obtaining the best performance and minimum driving power. A choice of optimal geometry of acousto-optic interaction in the crystal is discussed. Longitudinal aberrations in the device caused by dispersion of refractive indices of acousto-optic media are studied. Calculations prove that a specific choice of distances between optical elements in the device can reduce the aberration to a value less than the focal depth of a filtered image. Spectral analysis of radiation reflected from artificial test objects demonstrates operationaal capability of the imager.
Introduction
Hyperspectral spectroscopy of images finds applications in the realms of environmental and atmospheric monitoring, object detection, medicine, biology, astronomy and various other scientific investigations [1, 2] . Acousto-optic tunable filters (AOTFs) can be used as high-rate image processing spectrometers operating at optical wavelengths from 0.2 to 12 μm. The spectral range of tuning of modern AO imaging devices can exceed an octave, while the passband, λ, may be as narrow as a fewångströms [1, 2] . The transmission coefficient of the devices is close to 100%, and driving radio frequency (RF) power is usually limited to 1-2 W [1, 2] .
Uniaxial birefringent crystals are AO materials that can be utilized to design AOTFs [1] [2] [3] . Application of a wide-angle geometry of AO interaction [4] allows us to broaden the optical aperture of a filter and make it capable of image processing. Tellurium dioxide, or paratellurite (TeO 2 ), single crystals are commonly used in imaging filters for visible, near-and middleinfrared light due to the material's extremely high AO figure of merit [1] [2] [3] . In the ultraviolet region, KDP (KH 2 PO 4 ) and magnesium fluoride are usually used [5, 6] .
The examination that follows below demonstrates that the spatial resolution of a filter is restricted both by the diffraction limit and by the inevitable deflection of diffracted light within a passband of the filter. For the analysis, we chose a visible to near-infrared paratellurite filter, in which the AO interaction took place in the crystallographic plane (110).
Wide-angle Bragg diffraction in paratellurite
Filtering of light in an AOTF is based on the well-known phenomenon of light diffraction by a propagating acoustic wave in a birefringent crystal [1] [2] [3] . The main characteristics of light diffraction by ultrasound can be derived from the law of momentum conservation, which is illustrated by a vector diagram in figure 1. In the diagram, the incident light ray is extraordinarily polarized, while diffracted light has an ordinary polarization. The phase matching condition can be written as a vector equation
which couples the wavevectors of incident and diffracted light k i and k d with the wavevector of ultrasound K. In order to simplify the analysis of the AOTFs, it is convenient to use the assumption of a slightly birefringent media, n ≡ n e − n o n o , where n o and n e are the principal refractive indices of the material. For TeO 2 with n o = 2.24 and n e = 2.39 at the optical wavelength λ = 700 nm, this approximation gives an error of 7%, as shown in [7] . The refractive index n i of an extraordinarily polarized optical beam depends on the direction of light propagation and can be estimated as
where θ i is the Bragg incidence angle of light and α is the cut angle of the piezotransducer facet of the crystal (see figures 1 and 2). Consideration of equation (1) for monochromatic light makes possible the derivation of an equation that describes the dependence of acoustic frequency f on the Bragg angle of incidence θ i [5, 6] :
where V is the phase velocity of ultrasound. Calculations show that, in the AOTF on the base of a TeO 2 crystal, cut at the angle α = 10 • , the frequency of ultrasound at λ = 700 nm and θ i = 13.4
• is equal to 105 MHz because V = 708 m s −1 [8] .
From figure 1 it also follows that the deflection angle θ d between the incident and the diffracted beams is equal to
It was found that in the filter with the cut angle α = 10 • , the deflection angle is equal to θ d = 2.6
• in the crystal and 5.8
• in air. The above observation is based on the assumption of monochromatic light. In the case of white incident light, the Bragg matching condition may be satisfied only at a single wavelength λ. Acousto-optic interaction at other wavelengths violates the matching condition (1) and it results in a decrease of diffraction efficiency. The passband of the AOTF, evaluated at a 3 dB level, can be expressed as
where ψ is the acoustic walk-off angle, i.e. the angle between the phase and group velocities of sound in the TeO 2 crystal, and l p is the length of the piezoelectric transducer. At the cut angle α = 10 • in paratellurite, the walk-off angle equals ψ = 54
• [8] , so for the AOTF with piezotransducer length l p = 1.2 cm, the passband at 700 nm equals 21Å.
In general, AO diffraction in the Bragg regime takes place in a narrow range of light incidence angles. However, special geometries of AO interaction with extremely wide acceptance angles have been found. Therefore AO filtration became possible for light beams with a wide angular spectrum [4] . The requirement for the wide-angle geometry can be stated as d f /dθ i = 0 at θ i = θ * [4, 7] . This equation provides the magnitude of the incidence angle θ * , and the corresponding frequency f * = f (θ * ), of the wide-angle diffraction. The acoustic frequency f * and the Bragg angle θ * are dependent on the optical wavelength λ and the cut angle α. However, at fixed λ, the acoustic frequency f remains practically unchanged with variations of θ i near the value of θ * . Computations prove that, in TeO 2 , the Bragg incidence angle θ * equals 13.4
• when α = 10
• . The analysis carried out demonstrates that an efficient AO interaction is observed at the incidence angles included within the limits of the acceptance angle θ * . The vector diagram in figure 1 shows the acceptable incidence and diffraction angles in the wide-angle configuration. The acceptance angle in the case of wide-angle AO interaction may be presented in the form
As seen in formula (6) , the value of θ * is determined by the length of the piezotransducer. In paratellurite, the acceptance angle may be as wide as several degrees. As for the acceptance angle ϕ * in the direction orthogonal to the interaction plane, it is usually of the order of θ * . This is why, the wide-angle AOTFs are capable of operation with optical beams possessing two-dimensional divergence. These devices have found applications for spatial filtration of monochromatic light and for spectral analysis of images [9] [10] [11] [12] [13] [14] .
Spatial resolution of the filter
One of the main quantitative characteristics of a filtered image is the number of resolvable spots N = θ/δθ , where θ is the angular size of the entire image and δθ is the angular size of the minimum resolvable element in the image. A spatially modulated optical wave is commonly characterized by two values of spatial resolution in orthogonal directions. We will further distinguish the resolution N for the direction along the plane of the AO interaction and N ⊥ for the direction orthogonal to the interaction plane. The configuration of the imaging AO cell is presented in figure 2 . Directions of the axes along which the numbers N and N ⊥ are measured are also shown in the figure.
It is evident that the angular size of an image θ is limited by the value of the angular aperture of the acoustooptic interaction θ * [15] . However, during the interaction the value of the angle θ * can exceed the deflection angle θ d , so the filtered optical beam can overlap with the zeroth diffraction order. Though the filtered and the incident light beams are polarized orthogonally, total separation of the beams by means of polarization selectors is impossible because of the influence of birefringence and intrinsic optical activity of paratellurite [16] . Therefore, spatial overlapping of the beams causes sufficient background noise even with the orthogonally adjusted polarizer and analyser. The angular size of the transmitted image should be limited to the minimum magnitude
It follows from the general theory of imaging that the spatial resolution of the AOTF is limited by diffraction of radiation on the aperture of the AO cell. This fundamental restriction is well-known and can be estimated with the Rayleigh criterion δθ = 1.22λ/ A, where A is the linear aperture of the AO crystal [3] . The maximum number of resolvable spots N ⊥ can be found using the expressions
where A ⊥ is the corresponding aperture of the AO cell, which equals the width of the piezoelectric transducer (see figure 2 ). The value of N ⊥ , so as ϕ * , depends on the cut angle α and the piezoelectric transducer length l p . The dependence ϕ
. A thorough analysis showed that the angular size δθ is broadened with respect to the value that is limited only by the diffraction of the beam on the aperture of the AO cell. Variation of optical wavenumber with the optical wavelength caused the dispersion of the deflection angle θ d at a constant value of the Bragg incidence angle θ i . Therefore, diffraction of nonmonochromatic radiation is followed by the broadening of the minimum resolvable element [9, 10, 14, 15] . This broadening increases with the growth of the passband. As follows from equations (3) and (5), as well as from the vector relation (1), the additional divergence of the diffracted beam is equal to [17] δθ AO 
Finally, taking into consideration the relations (7) and (9), the number of resolvable spots along the direction of acoustic wave propagation can be written as
Direct examination of formulae (8) and (10) shows that both magnitudes N ⊥ and N grow with the decrease of the optical wavelength because the dependencies of the angles θ d , θ * and ϕ * on λ are slight, while δθ and δϕ are proportional to λ.
We studied the dependence of resolution, N ⊥ and N , on the parameters of the AO cell, i.e. the cut angle α and the piezotransducer length l p . Calculations show that both N ⊥ and N increase with α if this angle approaches the value of 18.9
• in paratellurite [7] . The increase in resolution occurs due to the extreme growth of the acceptance angle: however, it remains limited by the deflection angle and the angular aperture of the AO cell. Any further growth of α is not effective because, in the range α > 18.9
• , the wide-angle geometry of AO interaction does not exist in TeO 2 crystals [4] .
A principal problem in designing of the AO imagers is the improvement of spatial resolution. The numbers of resolvable spots N and N ⊥ at the filter output were calculated versus the crystal cut angle α and the piezotransducer length l p . For convenience, the results of the calculations N (α, l p ) were combined in a single plot in figure 3(a) . Similarly, data on N ⊥ (α, l p ) are shown in figure 3(b) . Analysis of the relations (10) showed that, among various factors limiting the resolution N , only θ * and δθ AO depend on the length of the piezotransducer. Formula (9) demonstrates that the dispersive broadening of the minimum resolvable element δθ AO limits the resolution of the imager N at small piezotransducer lengths. One can see that the dependence of the spatial resolution N on the piezotransducer length l p has a certain maximum at a given value of α. Therefore, the dependence of the optimal piezotransducer length l p versus the cut angle α may be determined. Results of calculation l p (α), which can be found in figure 4 , provide data on the proper choice of the piezotransducer length in the examined range of cut angles. As for the magnitude of N ⊥ , it is not dramatically limited by the spatial dispersion of diffraction; consequently it grows monotonically, while the length of the AO interaction is reduced. This regular trend is seen in figure 3(b) .
Reduction of driving power
One of the most important characteristics of AOTFs is the driving RF power. Minimization of the driving power is a primary requirement in the design of AO imaging filters. Moreover, acoustic power density that is greater in magnitude than a few W cm −2 are not admissible because of crystal heating and drift of operational parameters [2] .
The photoelastic effect, which is responsible for the AO interaction, is quantitatively described by a set of photoelastic angle θ * can be found in the literature [15] . The acoustic power P ac that provides 100% diffraction efficiency at θ i = θ * can be calculated as
Calculation of P ac by means of formula (11) shows that increase of the cut angle α results in a sufficient decrease of p eff . Therefore, the required electric driving power grows sufficiently. The detailed analysis of data obtained from equations (10) and (11) allowed us to determine the minimum driving power that is necessary for 100% diffraction efficiency, as a function of the required resolution value. Corresponding parameters of the interaction geometry were also found. Figure 5 represents maximum obtainable spatial resolution versus the acoustic wave intensity, which amounts to the acoustic power per 1 cm 2 of the piezoelectric transducer. The data in figure 5 show that the maximum number of resolvable pixels N that can be obtained with 100% diffraction efficiency is equal to approximately 230 spots. Such a value is obtained at the cut angle α = 15
• and at the transducer length l p = 1.5 cm, while the corresponding number of resolvable spots N ⊥ approximately equals 280. Any further increase of the resolution by incrementing the cut angle α will result in the loss of diffraction efficiency. Consequently, the optical flux in the filtered beam will also diminish. The reduction of the diffracted light intensity usually causes a decrease of the signal-to-noise ratio and a corresponding deterioration of the quality of the filtered image. For example, a filter with α = 17
• and l p = 1.3 cm can provide 20% efficiency of diffraction at driving power P ac = 0.75 W. The number of resolvable spots in this case is equal to 320 × 350.
Therefore, it can be concluded that the optimization of the AOTF geometry provides better spatial resolution in the device at relatively low magnitudes of driving power. Application of a non-optimized filter can considerably reduce the resolution of the imager.
Aberration-free design of the filter
It is known that dispersion of refractive indices of the AO media causes different types of chromatic aberrations, Figure 6 . Filtered images of a resolution chart (a) at λ = 700 nm with the best focusing, (b) after tuning to λ = 800 nm with improper optical scheme, (c) at λ = 800 nm in a confocal scheme.
e.g. longitudinal and transversal shifts of the image [15] [16] [17] [18] . Longitudinal chromatic aberrations lead to blur of the image due to a defocusing while tuning the filter in a wide range of wavelengths. For example, figure 6 demonstrates influence of longitudinal aberrations on the quality of processed images. A decrease of resolution from approximately 170 pixels at λ = 700 nm ( figure 6(a) ) to 80 pixels at λ = 800 nm ( figure 6(b) ) was observed for the examined paratellurite AOTF. Meanwhile, figure 6(c) demonstrates the same fragment of the resolution chart at λ = 800 nm with the maximum attainable number of resolvable spots N ≈ 150, i.e. close to the resolution at λ = 700 nm. This investigation proved that a correction for longitudinal chromatic aberrations is absolutely necessary for maintenance of high performance of the AO imaging systems.
In an AOTF, minimization of transversal aberrations can easily be achieved by choosing a special tilt angle of the crystal's output facet [18] . On the other hand, reduction of longitudinal image shifts may not be accomplished by changes in configuration of the AO cell. It requires the application of special optical schemes to the imager [19] . It is known that magnitudes of the refractive indices and the birefringence n grow dramatically while approaching the material's shortwavelength transparency edge. Hence, the scope of the aberrations also increases in this case. However, the present analysis shows that the blur in the image may be reduced by a proper design of the optical scheme of the imager.
In the study of chromatic aberrations, an AO imaging system was treated as a set of two thin converging lenses with focal length F and a plane-parallel plate characterized by the refractive index n(λ) (see figure 7) . The index is dependent on the optical wavelength λ. An additional optical path , which is introduced by the AO cell, is obviously the product of its length l c and the refractive index of the AO material = l c [n(λ) − 1]. In order to evaluate the dispersion, it is convenient to use the value of relative dispersion , which is a function of the optical wavelength of measurement λ and the reference wavelength λ 0 : Material dispersion of the lenses can be neglected because special anachromatic lenses are usually used. In the described optical scheme, the AO cell is situated in the focal waist of the optical beam, which is formed by the input objective lens. Such a configuration of the optical system may be defined as a confocal scheme [19] . For simplicity of the analysis, the values l = l 0 + and a = a 0 − l F(l − 2F) −1 were used instead of the distances, l 0 and a 0 , between the optical elements and the object. The optical scheme of the device as a whole is shown in figure 7 . Relative positions of the object, the image and the lenses are established by the lens formula. As was found, variations of the image position b 0 can be calculated as a function of optical wavelength λ:
It was proved that, for any two optical wavelengths, a special choice of distances between the aforementioned optical elements results in compensation for the chromatic aberrations for any two preliminary chosen optical wavelengths. The equation that relates the optimal dimensions a and l can be obtained from the formula (13) by setting the numerator of the fraction equal to zero at a given magnitude of the parameter .
Computation of δb 0 by means of relation (13) was carried out for the examined filter with tuning range from 400 to 1000 nm. The results of the calculation are presented in figure 8 . Correction for aberrations was performed at a number of optical wavelengths within the mentioned tuning band. The distances between the elements were calculated for each value of wavelength λ. For curves 1 and 2 in figure 8 , the correction for the aberrations was done for wavelengths inside the tuning range of the filter. Curve 3 in figure 8 corresponds to the correction for the scene shifts at the ends of the AOTF's operation band. It is obvious that the total range of the chromatic aberrations for curve 3 is less than that for curves 1 and 2. Moreover, it was found that, when optimal distances between the optical elements are chosen to correct for longitudinal aberrations at the limiting wavelengths of the tuning range, the smallest range of the aberrations indeed results. The performed calculation also showed that it was possible to reduce the aberrations sufficiently and make them even smaller than the focal depth of the image.
Operating parameters of the imager
Consideration of factors related to the optimization of the filter geometry and to the correction for the chromatic aberrations resulted in the development of a high-quality hyperspectral imager. The tuning band of the AO imaging system ranged from 450 to 850 nm. The cut angle of the cell was chosen to equal α = 10
• in order to obtain a high AO figure of merit, together with a sufficient deflection angle outside the crystal θ = 5.8
• . The range of ultrasonic frequency, f , in accordance with (3), extended from 85 to 180 MHz. The length of the piezoelectric transducer l p = 1.2 cm was chosen to be slightly longer than the optimal value of 1.0 cm. The optimal length corresponds to the value of α, as follows from the results of the computation in section 3. Thus, it was found that an insignificant decrease in the spatial resolution relative to the optimal one was accompanied by a 20% decrease in driving power. This choice of a filter configuration with equal linear apertures, A ⊥ = A = 0.6 cm, ensured the attainment of a resolution N ⊥ = 200 pixels and N = 150 pixels at λ = 700 nm, while the RF driving power was equal to P ac = 0.2 W. The transmission coefficient of the filter was higher than 95%. It should be noted that the AO cell was characterized by a lower resolution N with respect to N ⊥ . Due to the low driving power, a possibility of a continuous operation of the imager without overheating was ensured. As for the temporal resolution, according to equation (5), the passband of the filter at λ = 633 nm was equal to 16Å and 21Å at λ = 700 nm.
The configuration of the filter and the orientation of the AO cell relative to the crystallographic axes are depicted in figure 2 . The confocal optical scheme of the imaging system was designed according to the block scheme in figure 7 . The following dimensions of the experimental set-up were chosen: a 0 = 29 cm, b 0 = 24 cm and l 0 = 25 cm, while the focal length of the objective lenses was equal to F = 8.5 cm. It follows from equation (13) that these values yield a maximum magnitude of 0.02 mm for the longitudinal aberrations. As is seen in figure 6 , proper choice of the optical scheme made it possible to process images in a wide spectral range without any blur. On the other hand, utilization of a non-optimized optical scheme of the imager resulted in a longitudinal shift δb 0 , as shown in figure 9 . Tuning of the filter from λ = 450 to 950 nm was accompanied by a δb 0 = 3 mm displacement of the image plane.
Imaging experiments
Proper design of the AO cell and optimization of the instrument made it possible to fabricate an AOTF-based image analyser that can be useful in the fields of ecology, security, object detection, scientific research, etc. We tested the imaging system serving as a possible document security device for verification of document authenticity and for revelation of forged specimens. A test object was a banknote printed using specially coloured inks. The results of the spectral analysis, presented in figure 10 , indicate that visibility and contrast of the authentic document's fragments were altered by the tuning of the filtered optical wavelength. Since the AO imagers provide random algorithms of tuning, it becomes easy to compare, in real time, a document or any portion of it with a reference sample.
Summary
The performed theoretical investigation demonstrates that improvement of spatial resolution of AO imagers is accompanied by an inevitable growth of driving power. Spatial resolution of a paratellurite filter with linear aperture of 0.6 × 0.6 cm 2 and diffraction efficiency of 95% was equal to 150 × 200 pixels. We have shown here that the improvement of the resolution may be achieved by selecting higher cut angle values of the paratellurite crystal.
Experimental and theoretical research has revealed a regular trend of resolution deterioration due to chromatic aberrations in the AO filtering systems.
However, an appropriate choice of the device's optical scheme can sufficiently reduce longitudinal aberrations all over the filter's entire tuning band.
